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THEORY AND PROCEDURE FOR DETERMINING LOADS AND MOTIONS IN CHINE-IMMERSED 

HYDRODYNAMIC IMPACTS OF PRISMATIC BODIES ^ 

By Emanoti. Schnitzbr 


■ SUMMARY 

A theoretical method is derwed for the determination of the 
motions and loads during chine-immersed water landings of 
'prismatic bodies. This method makes use of a variation of 
two-dimensional deflected tvater mass over the complete range 
of immersion, modified hy a correction for three-dimensional 
flow. Equations are simplified through omission of the term 
proportional to the acceleration of the deflected mass for use in 
calculation of loads on hulls having moderate and heavy beam 
loading. The effects of water rise at the keel are included in 
these equations. In order to make a direct comparison of 
theory unth experiment, a modification of the equations was 
made to include the effect of finite test-carriage mass. A simple 
method of computation which can be applied taithout reading 
the body of this report is presented as an appendix, along with 
the required theoretical plots for determination of loads and 
motions in chine-immersed landings. 

Comparisons of theory wUh experiment are presented as plots 
of impact lift coefficient and maximum draftrbeam ratio against 
flight-path angle and as time histories of loads and motions. 
These comparisons cover angles of dead rise of 0° and S0°, 
trims up to 46 °, flight-path angles up to 90°, and beam-loading 
coefficients from 1 to 86.6. Fair agreement is seen to exist over 
these ranges. The comparisons show in general that the con- 
cept involving the two-dimensional deflected mass and a three- 
dimensional-flow correction can be used to predict accurately 
the loads and motions in landings of prismatic bodies Involving 
immersion of the chines. 

/ 

INTRODUCTION 

This report is concerned with the derivation of a method 
for calculating impact loads and motions during water land- 
ings of narrow, heavily loaded, prismatic bodies. The prob- 
lem of non-chine-immersed impacts of wide, lightly loaded, 
prismatic hulls has been treated in reference 1 . Comparisons 
of the theoretical results of this reference with experimental 
data have been made in references 1 to 4, where reasonable 
agreement has been demonstrated. Although these reports 
are devoted largely to the non-chine-immersed case, refer- 
ences 2 and 3 extend the theory to cover impacts during 
which a small amount of chine immersion is experienced. 

For impacts of heavily loaded bodies involving deep im- 
mersion of the chines, reference 5 su^ests that the force be 


determined in two main parts: (1) a part for the hull sec- 
tions having nonimmersed chines, obtained by means of the 
theory of reference 1, and (2) a part for the hidl sections 
having imm ersed chines, based on the two-dimensional 
separated flow about a wedge immersed in an infini te fluid 
(ref. 6, arts. 73 to 78). Preliminary analysis based on the 
equations proposed m reference 5 indicated that these 
equations were inadequate for the case of 0° dead-rise angle 
and ^owed some disagreement with experiment for prac- 
tical immersions of narrow, heavily loaded, V-bottom bodies. 

In view of the inadequacies of the procedure suggested in 
reference 5, a new analysis is made in the present report on 
the following basis: For a given transverse cross section of 
an immersing prismatic form, a unique relation is assumed 
to exist between the deflected water mass (two-dimensional) 
and the penetration of that section. A total deflected mass 
is determined by applying this variation to all cross sections 
along the huU, integrating over the wetted area, and apply- 
ing an approximate correction to this integrated mass to 
accoimt for three-dimensional, flow. In the absence of a 
satisfactory relation for the continuoiis variation of two- 
dimensional deflected mass with draft through the region of 
chine immersion, relationships derived from the suggestions 
in reference 5 are employed. The purpose of this report is 
to present this new analysis and a procedure for applying it 
in impact calculations. Experimental verification of the 
theory is given. 

The report is organized as follows: The differential equa- 
tion of motion is derived in terms of a variation of two- 
dimensional deflected water mass and a correction for 
three-dimensional .flow which is selected to satisfy the 
condition of steady planing. A suggested variation of tbia 
two-dimensional deflected mass with draft is given. The 
general solution of the equation of motion is then presented 
and modified by omitting the term involving acceleration of 
the deflected mass. A computational method is indicated 
for determining loads and motions in landings of prismatic 
bodies involving appreciable chine immersion. A further 
modification based on the assumption of constant forward 
velocity is made for comparison with experimental tank 
impact data. Fmally, comparisons with experimental data 
are presented for angles of dead rise of 0° and 30°, trims 
from 6° to 45°, beam-loading coefficients from 1 to 36.5, and 


* Sap6r&edes NA.0 A 2813, "Theory and Procedure for Determining Loads and Motions in Chine-Immersed Hydrodynamic Impacts of Prismatio Bodies” by Emanael Schnltxer, 1952. 
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flight-patii angles up to 90°. A system for determining water 
rise on a rectangular flat plate is given in -appendix: A. In 
appendix B a computational procedure is outlined which, 
may be used without reading the body of the report. 
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SYMBOLS 


(Any consistent system of units may be used) 

Bobyleff’s flow coefl&cient, a function of dead rise 

beam of hull at chines 

ratio of water rise at keel to draft, rjz 

impact lift coefl&cient, ^ Oocrl^ 


beam-loading coefl5cient, WjpglP 
hydrodynamic force on hull normal to keel 
acceleration due to gravity 

parameter involving three-dimensional deflected 
mass 

generalized draft parameter for free-body landing 
wetted length along keel 

two-dimensional deflected water mass in trans- 
verse plane 

impact load factor measured normal to undis- 

turbed water surface, 

g 


velocity-reduction parameter for free-body 
landing 

velocity-reduction parameter for landings in- 
volving horizontal constraint 
water rise at keel normal to imdisturbed water 
smdace 

vertical velocity of water rise at keel 
distance from foremost immersed station along 
keel to flow plane 

velocity of flow plane relative to float in direction 
parallel to keel 

acceleration of flow plane relative to float in 
direction parallel to keel 
time after water contact 
resultant velocity of bull 
weight of airplane 
horizontal velocity of float 
immersion of keel at step normal to undisturbed 
water surface, positive down 
vertical velocity of float 
vertical acceleration of float 
angle of dead rise, radians . , 

dead-rise fimction 

flight-path angle relative to undisturbed water 
surface 

immersion of keel below undisturbed water sim- 
face, normal to itseb into a flow plane, positive 
downward 

velocity of float normal to keel, x sin t-\-z cos t 
acceleration of float normal to keel 
immersion of the keel normal to itseK into a flow 
plane, corrected for water rise at keel 


i-' 

K 


\ 

X' 

P 

ff 

T 


^(xo 



partial derivative of with respect to time 
approach parameter for free-body landing. 


sm T 


cos (t+To) 


sm -Yo 

approach parameter for landings involving hori- 
zontal constraint, tan r/tan 70 
ratio of length of keel below undisturbed water 
surface to mean beam 

ratio of length of keel below elevated water sur- 
face to mean beam 
mass density of water 
hull cross-sectional-shape factor 
trim (between keel and undisturbed water smlace) 
Pabst’s aspect-ratio coirection based on X' . 


Pabst’s aspect-ratio correction based on 1/X 


Subscripts; 

c at chine immersion 

max maximum 

0 at water contact 

8 at step 


THEORY FOR PRISMATIC CHINE-IMMERSED IMPACT 

EQUATION OF MOTION 

This derivation for the motion of a long, narrow body land- 
ing on a smooth water surface (fig. 1) is based on the concept 
that the flow occurs primarily in transverse planes which are 
fixed in space and oriented normal to the keel (refs. 1 to 6). 
Thus, a two-Kiimensional treatment ivith a three-dimensional- 
flow or aspect-ratio correction factor is made, as is usual in 
the calculation of the dynamics of such bodies. The effects 
of buoyancy, viscosity, and changes in trim are believed to 
be very small for practical impacts and are neglected. As 
in references 1 to 5, therefore, the reaction in a given flow 
plane of length ds (fig. 1) is defined in terms of the momentum 
of the fluid as 

d8 ■ ( 1 ) 

where m„ cfe is an equivalent deflected mass of fluid and f is 
the normal velocity of the body. The total hydrodynamic 
force on the body is then obtained by integrating equation 
(1) over the wetted surface and applying the correction for 
three-dimensional flow ?)(X') (hereinafter designated three- 
dimensional correction): 

^’N=¥>(X0jJ^(m„f)ds (2) 

Assuming that external forces, such as the Aving lift force in 
the .case of seaplanes, are equal and opposite to the weight 
and applying Newton’s second law to equation (2) as in 
references 1 to 5 leads to the following differential equation 
for the motion normal to the keel during impact: 



( 3 ) 
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(a) Flat plate. 

Figueb 1. — Geometric relations during impact. 



This basic equation of motion can be solved specifically, pro- 
vided that nia and are known. Althougb tbia equation 
may not hold for accelerated motion at very lai^e (infinite) 
immersions, it is believed to apply over the practical range of 
impacts. 


SBLECTION OF THEEE-DIMENSIONAL DEFLECTED MASS 

The three-dimensional-fiow correction <p(X') and the two- 
dimensional defiected mass tUu, will be defined and evaluated 
before the procedure for solving equation (3) is presented. 
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Determination of three-dimensional correction. — The 
three-dimensional-flow correction to be used in this report 
was determined empirically by Pabst in reference 7 and is 
given by the quation 



where 

w 

and j3 is the angle of dead rise. 

A certain measure of the suitability of equations (4) to (8) 
can be obtained by considering the case of steady planing. 
For this case (f=0), equation (2) reduces to 


which is plotted in flgure 2. The value X' is taken as the 
ratio of the length of keel below the elevated water surface 
to the mean wetted width (see fig. 1). The hydrodynamic 
aspect ratio X' for a rectangular flat plate is therefore ex- 
pressed by the equation 



(5) 


where I is the length of ked below the elevated water surface 
and h is the beam of the body at the chines. 

For a V-bottom prismatic body the water rise at the keel 
is neglected so that X'=X and (see fig. 1). The 

“lateral” water rise as shown in figure 1(b) at flow plane 1 
and discussed in reference 2 is, however, taken into account 
in determining the mean wetted width. On this basis, the 
ratio of the wetted keel length to the mean wetted width is 
found to be 


or 


tan T /(/3) 


tan T 


B' 4/(«] 




(9) 

In order to consider this equation further, the assumption is 
made that the two-dimensional-deflected-mass ratio defined 
as rtiuslpb^ is a function of only the cross-sectional shape of 
the body and the ratio of normal draft to betun; that is. 



where p is the mass density of the fluid and c is the cross- 
sectional-shape factor. On the basis of this assumption and 
the substitution ds=d(f cot r)=d(t;' cot t) (see fig. 1), 
equation (9) may be written 

cot.) 


y(xor p'* ^ 

tan T Jo df' 

tan T Jo 


df' 


tan T 


( 11 ) 
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where is the two-dimensional deflected water mass 
which in seaplanes is associated with the flow plane at the 
step. Solution of equation (11) for ma- and division through 
by p6* to render the equation nondimensional gives 

Fk tan T 
ph^ <p(V)t^pb^ 

In order to investigate this equation, use has been made of 
high-speed, experimental planing data (refs. 8 and 9) ob- 
tained at the Langley tank no. 1 with prismatic forms 
having angles of dead rise of 0° to 40°. When the right-hand 
side of equation (4) is substituted for ^(XO and the experi- 
. mental data of references 8 and 9 are substituted into 
equation (12), the factor is found to be essentially a 

function of only the angle of dead rise j3 and the ratio of 
normal draft at the step to beam or 



This result substantiates the assumptions of equation (10) 
and also demonstrates the validity of the three-dimensional 
correction expressed by equations (4) to (8), for the case of 
the V-bottom prism. 

Two-dimensional deflected mass. — ^In the absence of a 
theory covering the continuous variation of two-dimensional 
deflected mass with draft over the complete range of immer- 
sion, the two separate variations suggested in reference 5 are 
combined in this report to give a single mass variation with 
draft. This variation is selected as follows : 

(1) Sections prior to chine immersion; 

For non-chine-immersed sections the deflected mass is 
generally token as the virtual mass, which is defined herein 
as the apparent additional mass observed during accelerated 
motion. In references 10 and 11 theories are available for 
determining the variation of virtual mass with draft for non- 
chine-immersed impacts. These theories have been checked 
experimentally for the prismatic V-bottom form and that of 
reference 10 was checked also for the scalloped-bottom form. 
For cross sections of arbitrary shape, the variation of the 
two-dimensional deflected mass may be obtained from refer- 
ence 3, 10, or 12. However, experience has shown that, for 
small transverse concave curvature, the mass variation may 
be approximated by an average V-shape, The same approxi- 
mation is believed to be equally valid for small convex 
curvatures. The two-dimensional-mass variation for a 
V-sbape is 

[/03)]* (14) 

which is taken from references 1 to 3 and is based on Wagner’s 
work. Substitution of f ' for f in this equation to take water 
rise at the keel into accoimt gives 

(15) 

which is to be used as the deflected mass prior to chine im- 
mersion of each section. Chine immersion is herein assumed 
to occur at the intersection of the chines in a given flow plane 
with a plane parallel to the undisturbed water surface and 
passing through the intersection point of the keel with the 


actual water surface. The draft-beam ratio at chine im- 
mersion is 


f’c _tan d 
b~ 2 


(16) 


The two-dimensional deflected mass at this instant therefore 
becomes 


m 


W 


p-irh^ 

“T" 


[/()3)]* tan^ )3 


(17) 


(2) Sections subsequent to chine immersion: 

For infinite immersion of the chines, a variation of two- 
dimensional deflected mass with draft may be derived from the 
theory of Bobyleff (ref. 6, arts. 73 to 78). However, no theory 
is beheved to be available on the variation of two-dimensional 
deflected mass for moderate chine immersion. In the ab- 
sence of a single accurate deflected-mass variation over the 
entire range of immersion, a composite deflected mass is 
su^ested which is composed of the deflected mass present 
at the iustant of chine immersion plus a deflected mass which 
is derived from Bobyleff ’s theory. For infinite immersions, 
Bobyleff has shown that the force per unit length on a two- 
dimensional V-shape of finite width b traveling with constant 
normal velocity (poiat foremost) is 

F^=B^{l'Yb (18) 

where H is a function of the angle of dead rise and is given in" 
figure 3. This force is assumed to be equal to the rate of 
change of momentum of an equivalent deflected mass; 
that is, 

R-l Kr) 

(19) 

where constant velocity is assumed. Thus, from equations 
(18) and (19), 

( 20 ) 

which in this report is taken as the variation of deflected 
mass with draft subsequent to chine immersion. Integrating 
to find the change in deflected mass subsequent to chine 
immersion gives 

=5|j(f'-r«) (21) 


The total two-dimensional deflected mass subsequent to chine 
immersion is found by adding to this expression the de- 
flected mass at the instant of chine immersion. If this latter 
mass is assumed to be given by equation (17), the total mass 
becomes 

m) tan PY+B I 6* (22) 

For prismatic hulls of arbitrary cross-sectional shape where 
the variation from a V-section is not great, approximate 
values of are believed to be obtainable through substitu- 
tion of equivalent V-sections for the arbitrary sections. The 
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angle of dead rise would be determined by obtaining an 
average angle of dead rise for the arbitrary section. 

For the case of 0° dead-rise angle, equation (22) reduces to 

TOc=p6“(^+0.44-^) (23) 

Equations (15), (22), and (23) are to be used in the solution 
of equation (3). 


The discussion following equation (10) substantiates the 
assumption expressed by that equation that the two- 
dimensional deflected mass for a given hull is a function only 
of the draft normal to the keel; that is, 

m„=/(f0 . (24) 

Therefore, 


METHOD FOR SOLVING EQUATION OF MOTION INCLUDING 
COMPUTATIONAL CHARTS 

GENERAL TREATMENT 

The incorporation of the aspect-ratio correction »j(X') and 
the deflected mass ma into equation (3) permits solution of the 
equation by numerical methods. A large saving of time may 
be effected, however, by solving the equation partially by 
analytical means to reduce it to a form convenient for graphi- 
cal integration. This reduction is given here, with equation 
(3) restated first for convenience: 

f=>KX')(J„‘f^i«+fX'>».*>) 


From figure 1, 


8 = 


_Jl_ 

tan T 


Differentiating this relation gives 


ds— 


tan T 


(26) 


Substitution of equations (26) and (26) into equation (3) 
gives 


For impacts with deeply immersed chines, however, the 
water rise at the keel r (see fig. 1) is generally small com- 
pared with the draft and is approximately constant for the 
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where 


greater drafts. Therefore, its derivative with respect to 
time r approaches zero at these drafts, making f', which is 
equal to f+r sec t, approach f". In this derivation, then, is 
assumed equal to f, whereby 

f-KxT (iSr, *) (“> 

and, after integration of the first term on the right-hand side, 


I 1 -l--^ Jo ■ 


W tan T 


(29) 


Re\vritmg equation (29) in terms of the coordinate system 
referred to the water surface is done by means of the following 
substitutions (see fig. 1) : 



(30a) 

^ cos T 

— s tan r 

(30b) 

cos r 

^*~COS T 

(30c) 


where s is taken equal to 0 because of the assumption of 
frictionless flow and no external force, and i is therefore a 
constant. When these substitutions are made, equation (29) 
becomes 

Rearranging the terms and integrating both sides with 
respect to z gives 


r zdz r 

Jo (2— s sin ry I 


m„ 


sm T 


dz 


W 


which can be written 


p z dz _ I 

Jij, (2 — s sin t)'=~ I 








ds 


(32) 


sm T 


dz 


j^+ r 


m- ds 


(33) 


After the integration of the left-hand side has been performed, 
the following equation expressing the velocity as a fimction 
of the draft is obtained : 


log, 


—+K r* ^ 

2q ■ K A_=_ I sm 

1-f-K 2 , Id-K I W , 

T+“ MX0+ 


niu 
sin T 


dz 




ds 


(34) 


s sm T 


zo 


sm T 
sin To 


cos (r-j-To) 


If for convenience the left-hand side of equation (34) is 

denoted by Q xj and if d 2 as obtained by differentiating 

equation (30c) is substituted into the right-hand side, the 
following equation resiilts: 

m„,d^x 

I 

«=- 




tan 


W 






(35) 


ds 


Since, from equation (24), n2»,=/(f'j), a multiplication by 
dt'xjdt'i is performed inside the integral to give 




(36) 


Equation (36) can be expressed in terms of nondimensional 
quantities through multipHcation of the right-hand side by 
pb^/pb^; after substitution of equation (26), the following 
relation results: 




rriw, dt, ^ t', 

p¥ df'/ h 


Ctx tan T 
<p(X0 


■X 


r.lb f'. 


(37) 


where 


(7a= 


W 

pgb^ 


Since Q, which denotes the left-hand side of equation (34), 
contains the velocity ratio z/z^, equation (37) represents, 
finally, the relation between this velocity ratio and the ratio 
of normal draft to beam 

The relation between the nondimensional acceleration 
z5/zo* and the nondimensional vertical-velocity and, draft- 
beam ratios is determined through similar nondimensionaliz- 
ing of equation (31), which resiflts in the equation 


zb 


Zo Oa tan 


Vzo / cos 




T pi 


1 tan T , ff'./* ^ 

P(X0 +jo Pb^ b 


(38) 


Equations (37) and (38) can be used to calculate the 
variation of acceleration and velocity with draft during 
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fixed-trim impacts kiTolving appreciable chine immersion. 
In order to effect specific solutions of these equations, the 
variables making up the equations are presented in the form 
of computational charts, some of which are described in the 
next paragraph. An indicated method of computation 
follows. 

The variation of k with 70 is given in figme 4 for vmous 
trim angles. The left-hand side of equation (34), designated 
as Q in equation (37), is plotted against k for various values 
of z/zo in figure 5. The ratio in equation (37) is the 

keel water-rise factor which in reference 13 was shown to be 
substantially independent of flight-path angle and therefore 
capable of being evaluated from planing data. Tor the 
rectangular flat plate, a large quantity of experimental 
planing data is available from which this factor can be 
computed. An analysis based on these planing data and 
giving the wetted length and the keel water-rise factor 
d ^ d\ 

for landings of flat plates is presented in appendix 

A and the resiilts are plotted in figure 6. Tor the case of 
finite, dead rise tbia factor has not been fully evaluated, but 
since it is beheved to be dose to unity (no water rise), it is 
assigned that value in this report for angles of dead rise 
greater than 10°. Tor angles of dead rise smaller than 10°, 
use of the keel water-rise factor d^.jdi', for the flat plate 
is suggested. 

In order to obtain specific solutions of equations (37) and 
(38) in the forms shown for flat or V-bottom prismatic 
bodies, the following procedure is suggested; The variation of 
irixc^ with may be obtained from equations (15) and (22) 
and figure 3, from equation (23) and figure 3, or from experi- 
mental planing data with the aid of equation (12). This 
mass variation may be substituted into the integral in the 
denominator of equations (37) and (38) and integrated 
analytically or graphically. The aspect ratio X' may be 
determined from equations (5) to (8) as a function of the 
ratio of normal draft to beam (X' is taken equal to X for a hull 
with dead rise). Tor a flat plate, I in equation (^ is related 


y' 

to the normal draft (see fig. 1 ) by the equation The 

variation of ¥’(X') with X' may then be obtained from figure 2. 
The variation of d^,ld^', may be obtained from figure 6 (b) 
for angles of dead rise smaller than 10° and is taken as unity 
for angles of dead rise of 10° and greater. After these 
quantities have been substituted into equation (37), it can be 
integrated graphically to yield the variation of Q with 
The variation of z/io with Q may be obtained from 
figure 6 after selecting a value of k from figure 4; thus, the 
variation of zjzo with f'./A may be established. A value of 


z6/zo* can then be obtained for each value of z/zq through 
substitution of the derived quantities into equation (38). 

The ratio of vertical' draft to beam can be foimd from the 
ratio of normal draft to beam by means of the equation 


b~ b n 


cos T 


(39) 


whera f»/f'x is assumed to be equal to X/X', which may be 
obtained from figme 6 (a) for angles of dead rise smaller 
than 10° and is taken as unity for angles of dead rise of 10° 
and greater. Tor the case of 0° dead rise, equation (39) can 
also be written 

|=X' ^ sin T (40) 


The variations of acceleration and velocity with draft as 
obtained by use of equations (37) to (40) allow design 
maximums to be established. Tor calculating structural 
response, time histories are desirable. Trom the relations 
dz=z dt, dz=z di, and zo=To siu 70 a time coefficient may 
-be derived which is defined by either of the following equa- 
tions: 



(41) 


where To is the initial resultant velocity at contact. Graphi- 
cal integration of either of these equations allows the draft- 
time relation to be established. It should be noted that the 

integrand of the fet equation becomes infinite for -r-=0 


(maximum draft), whereas the integrand of the second equa- 

% 6 

tion becomes infini te for -r- 2=0 (water contact and Avater 

Zo 


exit). It is, therefore, expedient in obtaining the time varia- 
tion to make use of both equations in the foUoAving manner. 
The time increment from water contact to some draft less 
than the maximum is obtained from the first equation. The 
time increment including the maximiun draft is obtained 
from the second equation, and the final time increment to 
water exit is obtained from the first equation. Appropriate 
limits of integration must of course be substituted for those 
given in these equations. 









Velocity-reduction parameter, 
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0 12 3 4 5 6 

Ratio of wetted length bosed on water rise to meon beom, X' 

(a) Wetted-length variations. 

(b) Variation of derivative of Tvetted length ratio with ratio of wetted length based on water rise to mean beam. 

Fioubb 6, — Water-rise variations for a flat plate. 
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tSnUPUFICATlON THROUGH OMISSION OF ACCBLEEATION TEEM 

In order to reduce the labor reoLuired to make solutions 
for specific Ifuiding impacts, a simplification was effected 
which does not seriously reduce the accuracy of these solu- 
tions for practical landing configurations. From equation 
(28) it is evident that the hydrodynamic force is composed 
of two terms, one proportional to the square of the velocity 
normal to keel and the other proportional to the acceleration 
normal to the keel. For impacts involving beam-loading 
coefficients greater than 1 and appreciable chine immersion, 
the ratio of the acceleration term to the velocity-squared 
term is usually small. This acceleration term is therefore 
omitted from the equation of motion, with the result that 
equation (37), which relates the velocity and draft, is reduced 
to 

Ca Jo tan r pb^ d^. b 


mental data that were usable for verification of this theor>- 
however, were obtained during an investigation of con- 
strained models at the Langley impact basin. In these tests 
the model was mounted on a catapulted carriage in such, a 
way that the model was free to move vertically hut was 
constrained to move with the carriage in a horizontal 
direction. Since the Carriage was several times as heavy as 
the model, the forward velocity of the carriage-model com- 
bination remained approximately constant. In order to 
compare the theory of this report with the available datn, 
^ it was necessary to modify the equations so that the velocity 
component in the horizontal direction, instead of the com- 
ponent in the direction parallel to the keel, was considered 
constant during impact. The equation of motion was then 
solved by a procedure similar to that used in deriving the 
proposed free-body theory with the following results. 

The equation relating the velocity of the body to its 
draft, which is comparable to equation (37), is 


which may be written 


(42) 


nt'jb 




Ql=— COS^T 1 

pb^di', b 


where 



1 Ga tan T ^ ^t'jb ^ 

r. 


^XO df, , f'. 

tan T p6* df', b 


e/ 

where 

“ ^0 cos^ T ' Jo pb^ 

b 


(46) 


Omission of the acceleration term from equation (38), which 
relates the acceleration, velocity, and draft, reduces it to 


iA /i ■ Y 

ia / Ga sin r pJ® 


(43) 


and 




,Zo 




kl 




f+>CL 

Zo 


Kz, 

1-f-Ai 


Thus, a simplification of the numerical calculation is made 
possible through the introduction of additional computa- 
tional charts. One such chart (fig. 7). shows the variation 
of k with f',/6 for various trims and angles of dead rise. For 
the flat plate (0° dead rise), k was evaluated by graphical 
integration after substitution into equation (42) of equations 

(4), (6), and (23), where and of the ratio 

from figure 6 (b). For the case of finite dead rise, k was 
similarly evaluated after substitution into equation (42) of 
equations (4), (6) to (8), (15), and (22) for finite dead rise, 
where was taken equal to unity. A second chart, 

was constructed* from the variation of the part of equation 
(43) designated as J, where 


T p(XQ 
sin 1 - p6* 


(44) 


and is plotted against f',/6 for various trims and angles of 
dead rise in figure 8. 

In order to obtain specific solutions of equations (42) and 
(43), a computational procedure has been set forth in 
appendix B. This procedure is somewhat like that outlined 
for treating equations (37) and (38) and the labor for each 
solution has been considerably reduced. 


EXPERIMENTAL VERIFICATION OP THEORY 
MODIFICATION OF THEOET TO PERMIT COMPARISON WITH EXPERIMENT 


tan T 

a£==t 

tan 7o 

The equation relating the acceleration of the body to its 
velocity and draft, which is comparable to equation (38), is 


zb_ ' 


cos T TO 

Zo* Ga tan t 

Cf.tb f'. 

cos^* T * „ 

lo b 


Specific solutions for impacts may be obtained with these 
equations as was done with equations (37) and (38). The 
value of Qi, can be obtained from figure 5 in place of Q, 
when Ki is substituted for k. 

The omission of the force term arising from acceleration 
of the deflected mass is handled as in the derivation of the 
free-body theory and leads to the following equations which 
are similar to equations (42) and (43): Equation (45), which 
relates velocity and draft, is reduced to 




cos* 




t'.ib dt. 

tanrpJ^dr, 0 


and equation (46), which relates the acceleration, velocity, 
and draft, is reduced to 




<p(X0 cos* T 
Ga sin t p6® 


(48) 


The theory developed in this report covers free-body 
landings in which the velocity parallel to the keel is assumed 
to be constant during impact. The only available experi- 


Specific impact solutions of these equations may be obtained 
as was done in appendix B with equations (42) and (43) for 
the free-body case. 




GeneroBzed draft coefficient, A" 
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(b) (3=10°. 

Figbeb 7. — Continued. 


Generalized draft coefficient, k 
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FiauEB 7. — Continued. 
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’ o 


(a) /J=0°. 

FiGtrEB' 8. — Variation of parameter involving three-dimenmonal deflected mass for various angles of dead rise. 
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Ratio of normol drofi to beam, 
(b) 

Fiqukb 8. — Continued. 



1044 

100 


SEPORT 1162 — ^NATIONAL ADTISORT COMMITTEE FOR AERONAOTTCS 



Figxtbb 8, — Continued. 



Porameler involving three-diroensonol deflected 
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COMPAHISON WITH TEST DATA 

Theoretical curves, usable for actual landing-impact 
calculations', are presented in figures 2 to 8 and ■were discussed 
in detail in the pre'^ious sections. The succeeding figures 
present comparisons of experimental data, obtained at the 
Langley impact basin, "with the proposed theory modified for 
constant forward velocity. 

Several theoretical variations of impact load factor, 
vertical velocity, and vertical displacement with time are 
compared "with experiment in figures 9 and 10. The experi- 
mental data in these plots "were obtained at the Laugley 
impact basin, and, although a portion of these data is un- 
pubhshed, the rest may be found in references 13 and 14. 
In figures 9 (a) and 9 (b) are presented theoretical and experi- 
mental load-factor time histories of landings of a flat plate 
for a wide difference of trim and flight-path angle and for a 
beam-loading coefficient of 18.8. Tair agreement exists in 
each case. 

An indication of the agreement between theory and experi- 
ment at the upper limit of the flight-path angle is given in 
figures 9 (c) and 9 (d). These figures present theoretical 
and experimental load-factor time histories for water landings 
of a flat plate having a beam-loading coefficient of 18.8 at 
trimjs of 6° and 15° for the end-point case of a ver-tical drop 
(flight-path angle of 90°). Fair agreement is also obtained 
in these figures. 

In order to demonstrate the effect of neglecting the force 
term arising from the acceleration of the deflected mass, 
figure 9 (e) is presented for the landing of a flat plate "with a 
medium beam-loading coefficient of 4.36, at the lowest trim 
foi which data were available. The difference between the 


two theoretical lines plotted illustrates the effect of neglecting 
this acceleration term. The higher line represents the solu- 
tion with the deflected-mass acceleration neglected, and at 
maximum acceleration the difference between the two theo- 
retical curves is seen to be about 10 percent. The de- 
flected mass used in the acceleration term may possibly 
be overestimated here. If the cylindrical •virtual water 
mass based on the beam as a diameter (ref. 2) were 
used instead, this difference of 10 percent would be some- 
what reduced. The experimental data fall somewhere be- 
tween the two curves, but no conclusion is dra%vn from this 
fact since the possible errors in the experimental data are 
estimated to be of the order of magnitude of ±0.2^. 

The effect of water rise at the keel is demonstrated in 
figure 9 (f) . This effect is greatest for small immersions and 
is therefore important for hghtly loaded plates for which 
maximum drafts in impact are small. The upper curve 
includes the effect of water rise at the keel and the lower one 
does not. For plates with medium loading, consideration 
of this water rise increases the theoretical maximiun load 
by about 9 percent and increases the initial rate of load 
apphcation, so that the time to maximum load is reduced. 
As in figure 9 (e), the e^erimental data fall between the two 
theoretical curves up to maximum acceleration and the same 
reservation concerning accuracy holds. It might bo men- 
tioned that the acceleration data presented in this report have 
a time lag which is estimated to be approximately 0.006 
second. If this also is taken into accoimt, the theory 
including water rise in figure 9 (f) would give better agree- 
ment with the experimental data up to maximum load than 
the theory omitting water rise. 



Time, sec Time, sec Tone, sec • 

(a) Sample time history. t=6°; to=2.1°; (c) Sample time history. t=6°; to*=90°; (e) Efifect of acceleration. t=0°; 7o=8.12°; 

io =2.9 feet per second; Ca= 18.8. io=9.4 feet per second; Ca= 18.8. 4b= 6.06 feet per second; Ci=4.36. 

(b) Sample time history. r=30°; ■yo=21.2°; (d) Sample time history. r=16°; to=90°; (f) Effect of water rise. t= 16°; yo=5.66°; 

4o= 9.1 feet per second; Ca=18.8. ' 40= 9.56 feet per second; Ca=18.8. io=4.86feetpersecond; Ca=4.36. 

Figttee 9. — Comparisons of theoretical and experimental impact-load time histories for flat plate. 
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Figure 10 (a) presents time histories of impact load factor, 
vertical velocity, and draft for an impacting flat plate having 
a beam-loading coefficient of 18.8. The effects of neglecting 
the acceleration of the deflected mass and water rise at the 
keel are again shown here, in addition to the effect of a large 
carriage mass. Comparison of the theoretical curves for 
free motion and constant forward velocity indicates that 
the large test-carriage mass, which causes the horizontal 
velocity to approach a constant value, increases the maximum 
load factor for this case by about 3 percent. The increase 
becomes considerably larger for the higher trims. The effects 
of carriage mass, acceleration of the deflected mass, and water 
rise at the keel on vertical velocity and draft are seen to be 
small. 

In flgure 10 (b), time histories of impact load factor, ver- 
tical velocity, and draft axe presented for an impact of a 
hull with an angle of dead rise of 30° and a beam-loading co- 
efficient of 18.8. The small effect of acceleration of the de- 
flected mass may be noted by comparing the two curves 


and the experimental data on each plot of this figure. The 
agreement between the theoretical and experimental hull 
load factors would be improved if the aforementioned 0.005- 
second time lag were taken into account. A similar time 
lag exists in the vertical-velocity data and, although the 
exact value of this lag is unknown, it has been roughly 
estimated at 0.005 to 0.01 second. If this lag were taken 
into account, the agreement'between the theoretical and the 
experimental velocity would be considerably improved. If 
more were known about the water rise at the keel for the float 
with dead rise and if a better variation of two-dimensional 
deflected mass were available, the agreement would 
probably-be further improved. Thus, from figures 9 and 10 
the agreement between theoretical and experimental time 
histories is seen to be fair. 

The variation of impact lift coefficient with flight-path 
angle for wide ranges of trim and beam-loading coefficient 
is shown in figure 11 for 0° dead-rise angle and for flight- 
path angles up to 21.5°. The experimental data in this figure 



(a) iS=0‘’; r=16°; 70=10.1°; (b) /S=30°; r=16°; to=5.92°; 

io=V.7 feet per second; io==9A feet per second; 

Ca=18.8. Ca=18.8. 


Fiqurb 10. — Comparisons of theoretical and experimental impact 
time histories for 0° and 30° angles of dead rise. 



0 4 8 12 0 8 16 24 


Inifol flight-pofh angle, Tjj, deg 

(a) t=6°. . (d) t=15°. 

(b) r=9°. (e) r=30°. 

(c) t=12°. (f) r=45°. 

Fiotob 11. — Comparisons of theoretical and experimental impact lift 
coefficients Ct for a flat plate at various beam loadings. 
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were obtained at the Langley impact basin and the published 
portion may be found in reference 16. Fair agreement is 
seen to exist between experiment and the theory that in- 
corporates water rise at the keel, omits the acceleration 
term, and assumes constant horizontal velocity, at least for 
beam-loading coefficients greater than 1. For beam-loading 
coefficients less than 1, the effects of acceleration and of 
ffight-path angle’ on the deflected mass might introduce 
noticeable errors. 

Since fair agreement was demonstrated between theoreti- 
cal and experimental flat-plate landing accelerations for 
flight-path angles up to 21.5° in figure 11 and for the end 
point of 90° ffight-path angle in. figures 9 (c) and 9 (d), the 
proposed theory is believed to be applicable for all flight- 
path angles. 

The variation of impact lift coefficient with flight-path 
angle for an angle of dead rise of 30°, a beam-loading coeffi- 
cient of 18.8, and a wide range of trim is presented in figure 
12. The solid curves represent the suggested theory for con- 
stant forward velocity including water rise at the keel and 
neglecting the acceleration term, with taken as 1 for 

the body with dead rise. The dashed lines are calculated 
from the theory of reference 2, which predicts the occurrence 
of maximum load at the instant of chine immersion for im- 
pacts involving deep immersion of the chines. Each of these 
curves experiences a radical change of slope and shape at a 
certain critical flight-path angle for each trim and beam 
loading. For flight-path angles below this, critical value, 
marimum load occurs prior to chine immersion. For a short 
range of flight-path angles immediately above this critical 
value, maximum load is beHeved to occur at or near chine 
immersion, and for high flight-path angles, maximum load 
occurs subsequent to chine immersion. Since the variation 
of deflected mass with draft is different before and after 
chine immersion, a break in the curve is expected to occur 
at the point of chine immersion. In figure 12 a comparison 
of the two theories with experimental data from reference 
14 shows that for impacts involving a small degree of chine 
immersion the theory of reference 2 gives better results, at 
least for low trims, whereas for impacts involving deeply 
immersed chines the agreement with the theory suggested 
in this report is better. This disagreement of the suggested 
theory with experiment for small degrees of chine immersion 
when dead rise is present cordd be improved through use 
of a more accurate deflected-mass variation in the region of 
chine immersion. The general agreement between the experi- 
mental data for bodies with dead rise and the proposed 
theory, however, is seen to be fair, even for small amounts 
of chine immersion where the theory is conservative. 

The variation of maximum draft with flight-path angle is 
presented in figure 13 for angles of dead rise of 0° and 30° 
and for several trims and beam loadings. The general 


agreement with data from the Langley impact basin, the 
published portion of which may be found in references 14 
and 15, is seen to be fair. This agreement indicates that the 
theory of the present report could be used in conjimction 
with the method of reference 16 to compute pitching-moment 
time histories during landing impacts. 

CONCLUSIONS 

A method has been derived for the analytical determina- 
tion of the motions and hydrodynamic loads in chine- 
immersed water landings of prismatic bodies. Comparison of 
this theoretical work with other available theory and with 
experimental data obtained at the Langley impact basin 
has led to the following conclusions: 

1. In general, the concept of a twordimensional deflected 
mass with a correction for three-dimensional flow can bo 
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Figubb 12. — Comparisons of theoretical and experimental impact lift 
coefficients for a hull ivith an angle of dead rise of 30° and a bonm- 
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used to predict with reasonable accuracy the loads and mo- 
tions during landings of prismatic bodies involving immersion 
of the chines. 

2. Use of Wagner's virtual-mass variation for non-chine- 
immersed sections combined with a deflected-mass varia- 
tion obtained from Bobyleflt's solution after chine immersion 
of these sections, Avith level water as a boundary, gives fair 
agreement with experiment for deep impacts. 

3. For shallow impacts at the lower trims, involving sHght 
chine immersion of bodies with dead rise, the virtual-mass 
variation su^ested in NACA TN 1616 gives better agree- 
ment with e.xperiment than the proposed variation. 

4. The effects of water rise at the keel in the case of a 
flat plate and the effects of the ratio of test-carriage mass to 
model mass in the general case are significant enough to be 
included in the proposed equations of motion. 

6. Omission of the force arising from acceleration of the 
deflected mass is not serious for beam-loading coeflacients 
larger than unity and results in a large reduction in the work 
required for each solution. 


Langley Aehonautioal Laboeatoey, 

National Advisory Comuittbb for ABRONAiracs, 
Langley Field, Va., June 9,6, 1969. 



' 0 4 8 la 0 8 16 24 


IniHol flight-poth angle, deg 

(a) ■ 6 = 0 ’’; t=6’. (o) 6 = 0 ”; r=30‘>. 

(b) ^=0®;r=15°. ‘ (d)- ^=30°; Ca=18.8. 

FiQtTBB 13. — Comparisons of theoretical and experimental maximum 
drafts for 0° and 30° angles of dead rise. 



APPENDIX A 

WATER RISE ON A RECTANGULAR FLAT PLATE 


As has been mentioned in this report, reference 13 shows 
the water rise at the keel of an impacting "hody to be relar- 
tively insensitive to flight-path angle and thus capable of 
being evaluated from planing data. Since such data are 
most conveniently analyzed in tenns of the wetted length of 
the body (Z in fig. 1) and since this analysis is based on the 
draft z with respect to the imdistmbed water surface, the 
relation between these two quantities must be obtained. 
This relation is expressed by the equation (see fig. 1) 

z=Z sin t—t (Al) 

where r is the water rise at the keel.' 

Several papers about planing discuss this phenomenon of 
water rise at the- keel in connection with steady motion and 
reference 13 discusses it in connection with motion of the 
peak-pressure line during impact. A theoretical solution by 
Wagner (ref. 10) for the two-dimensional planing flat plate 
predicts infinite water rise for the ideal case, in which gravity 
and viscosity are neglected. Planing data from references 
17 to 19 show the increase in wetted length due to water 
X'— X to be a more or less constant fraction of the hull beam, 
with only a small variation due to changes in trim. At low 
length-beam ratios this residt is more or less in agreement 
with Wagner’s theory for pl aning , but it would not be in 
agreement for impact, as indicated in reference 13. This 
reference shows an expected gradual transition from no water 
rise at the instant of water contact to some constant value 
for the hull tested at ratios of wetted length to beam greater 
than 1.5. The rise variation of reference 13 is not used in 
this report, however, siace it 'is based on the peak-pressine 
location and not on the measured wetted length. The fol- 
lowing system is therefore used for the flat plate. The case 
of a hull with dead rise is not covered because of a lack of 
sufficient information on water rise at the keel in planing. 

The assmnption is made, as in reference 13, that the water 
rise at the keel for a two-dimensional flow about an impacting 
plate of infinite width is independent of the flight-path angle 
and is proportional to the draft; thus 

r=Cz (A2) 

where r is the rise and G is the constant of proportionality. 
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In nondimensional form this becomes 

^=0\ sin T (A3) 

where X=t — = is the length-beam ratio below the imdis- 

turhed water surface for a flat plate. For three-dimensional 
flow about plates with a very small ratio of wetted length 
to beam, equation (A3) would also be appHcable. However, 
as the length-beam ratio increases, this piled-up water should 
be reheved through flow aroimd the sides of the model. 
Thus, some form of correction for three-dimensional flow/(X) 
is required to reduce thejrise for high length-beam ratios, as 
follows: 

^=(7X/(X) sin T (A 4) 

A correction for three-dimensional flow which fits the end 
points, reducing equation (A4) to equation (A3) at small 
length-beam ratios and to a constant value at large length- 
beam ratios, is Pahst’s correction (eq. (4) ia the body of the 
report) apphed to the inverse hydrodynamic aspect ratio. 
Suhstitutiug this correction into equation (A4) gives 


.(7x.(Q 


sm T 


(A6) 


The effective ratio of wetted draft to beam (see fig. 1) is 
therefore 


Since X= 


z-j-r 


(A6) 


6 sin T 
length to beam is 


and X'= 


b sin 


the effective ratio of wotted 


X'=x[n-C7?>(i' 


(A7) 


An average value of 0.4 for G was obtained from the experi- 
mental planing data in references 17 to 19. Figure 6(a) is a 
plot of equation (A7) based on this value of C, and figure 


6 (b) is a plot of the slope of this curve, or 


d\_ dt, 

d\' dt'. 


against X'. 



APPENDIX B 

SUGGESTED COMPUTATIONAL PROCEDURE 


This section gives suggested computational methods to 
facilitate calculation of loads and motions during free-hody 
impacts of a prismatic form experiencing appreciable chine 
immersion. These methods are based on a solution of the 
equation of motion which takes into account water rise at 
the keel, neglects the acceleration of the virtual mass, and 
neglects the effects of flight-path angle on water rise at the 
keel and on the normal-force coeflhcient. As a result of these 
omissions, the effects of which are small at the higher beam 
loadings, this solution is considered applicable only to those 
cases for which the beam-loading coefficient exceeds unity. 
This applicabihty is also restricted to drafts for which the 
leading edge of the prismatic surface has not penetrated 
beneath the water surface. 

The overall computational procedure is subdivided into 
lour less-general procedures to increase the utility of the 
solution. The first of these treats smooth-water landings of 
prismatic bodies approximating V-sections and makes use of 
computational charts covering specific angles of dead rise of 
0°, 10°, 20°, and 30° and certain fixed trims. The second 
procedui’6 applies to the same bodies for all practical angles 
of dead rise and fixed trims but requires more work for each 
solution. The third procedure covers prismatic bodies of 
arbitrary shape but requires experimental data from planing 
or drop tests. The fomth procedure accomplishes a conveiv 
sion from smooth-water to rough-water,landings. Explana- 
tion of symbols is given in the list of symbols following the 
introduction and in figure 1. 

PBOCEDUnE 1— SMOOTH- WATER LANDINGS OP A PRISMATIC BODY 

HAVING A CROSS SECTION APPROXIMATING A V-SHAPE WITH A DEAD- 

RISE ANGLE OF 0°, 10°, 20°, OR S0° AT ONE OF SEVERAL FIXED TRIMS 


1. Obtain a value of k from figure 4 through use of appro- 
priate values of initial flight-path angle yo and trim r. 

2. Select several values of the vertical-velocity ratio z/zo 
between 1 and —1 and, with the value of k, obtain a value 
of Q from figure 5 for each value, of z/zo. 

3. Compute a value of k for each value of Q from the 


W 


equation k=—Oi^Q, where ^ defined as the 


beam-loading coefficient. 

4. Obtain values of the ratio of normal draft to beam 
f',/6 for each value of k from the curve for the appropriate 
values of r and average angle of dead rise /3 in figure 7. 

6. Obtain a value of J for each value of f',/6 for the appro- 
priate values of r and /3 in figure 8. 

6. Calculate a value of the nondimensional acceleration 
zbjzo for each combination of z/zq and f',/& through substi- 
tution of the appropria,te quantities into the equation 



(Bl) 


2 

7. Plot the load factor — j and the vertical velocity z 

against the ratio of normal draft to beam 

8. Kepeat steps 1 to'7 for several other values of yo and t, 
covering the range of interest. 


~ ^ Ik 

9. Compute values of Ol = — from the maximum 


f 


values of obtained from the curves obtained in step 8 
and plot Cl against yo for various values of t. The resulting 
curves may be used as design curves. 

10. Compute values of draft-beam ratio zjh from the 
equation 


b b 


cos T 


(B2) 


where X/X' is obtained from figure 6(a) for j8=0° and is taken 

as unity for /3^ 10°. For the case where j8=0 °, x'=t-^^-^ — 

b tan r 

11. For calculation of structmal response, the time varia- 
tion from water contact through exit may be found by in- 
cremental graphical mtegration of the equation 



where Po is the initial resultant velocity at water contact. 
The first integral gives the time to some point prior to maxi- 
mum draft, the second includes maximum ffiaft, and the 
third covers the remaining time to exit. Although the first 
and third integrals give the time as a function of draft and 
the second gives it as a function of vertical velocity, the 
previously derived relationships between draft, vertical 
velocity, and load factor allow the time histories of all of 
these quantities to be computed. 


PROCEDURE 2— SMOOTH-WATER LANDINGS OF A PRISMATIC BODY 
HAVING A CROSS SECTION APPROXIMATING A V-SHAPE WITH ANY 
DEAD-RISE ANGLE, AT ANY TRIM 


1. Select a series of several values of the ratio of nonnal 
draft to beam f',/6 and compute values of m^Jpb^ from the 
equations 

r' 


m, 

p 


”>s=?rri/w]’ 


p6> 2L 6 




1061 



1052 

where 


REPORT 1152 — IfATIONAI. ADVISORY COMMITTEE FOR AERONAUTICS 


2/S ^ 

and a value of B is obtained from figure 3 by means of the 
average angle of dead rise jS. 

2. Obtain a value of X' for each value of f',/6 selected in 
step 1 by means of the equations 


X' 


b tan 


tan r/(j3) 



tanrfi^- 

_ 1 1 

tauT^ 6 



0 

0 

II 

s ■ 
1 ^ 

(B3) 

(p>O»;V=ts ‘^0 

(B4) 


(B5) 


and substitute these values of X' into figure 2 to obtain 
values of 

3. Obtain values of from figure 6(b) for each value 

of X' for cases where 0° ^ /3<10°. For cases where /3 ^ 10°, 

is taken equal to unity. 

4. Combine the results of steps 1 to 3 to obtain values of 

tanr p6* these against fV6, and graphically 

evaluate the integral 


ea— X 


r./ft ^(xo dr. ^ r'. 
tanr p 6* dr. 6 


PKOCEDUKE J— SMOOTH-WATEK LANDINGS OF A PMSMATIO BODY OP 

AKBTTEABY CBOSS SECTION WHERE SECTION CHARACTERISTICS 
OBTAINED FROM EXPERIMENTAL DATA ARE REQUIRED 

This procedure is suggested as a rough approximation 
only, as it has not been verified by experimental data. 

1. Select a series of several values of the ratio of normal 
draft to beam ^,jb and compute a value of X' for each value 
of r'./6, either from formulas (B3) to (B5) of procedure 2, 
where /3 is the average an^e of dead rise, or from the equa- 
tion X'=^ where I is the wetted length and S is the wotted 

area projected normal to the keel. Obtain a value of v>(X0 
for each value of X' from figure 2. 

2. Substitute data from high-speed planing runs, vertical 
drops, or obhque impacts of a heavily loaded prismatic body 
with a cross-sectional shape similar to that of the body of 
interest into the equation 

Fy tan T 


to obtain a value of rriujpb^ for each value of 


3. 

4. 

5. 
6 -. 

7. ' 

8. 

9. 

10.1 

11.. 


Same as in procedure 2. 


Same as in procedure 1 . 


at each value of f'./6 selected in step 1. 

5. Obtain a value of Q from equation (B6) for each value of 

TF 

f './6 where the beam-loadmg coefficient (7 a= — n- For each 

pgb^ 

value of Q, obtain a value of the vertical-velocity ratio ijitt 
from figure 5, using the value of k obtained from figure 4 by 
means of the appropriate initial flight-path angle 70 and the 
value of fixed trim r. 

6. Calculate a value of the nondimensional acceleration 
zi/io’ for each combination of z/zb and f',/6 through substitu- 
tion of the appropriate quantities into the equation 

A. Y y(^0 

Zo* \zo / Ca sin rp 6* 

*1 ' . 

9. /Same as in procedure 1. 


PROCEDURE 4— CONVERSION TO ROUGH-WATER STEP LANDINGS 

Rough-water landings of prismatic bodies with any -angle 
of dead rise into waves which are long compared with these 
bodies may be handled as in reference 20 by the following 
procedure: 

1 . Determine the wave slope at the point of contact from 
reference 6, articles 229 and 251, or from reference 20. The 
most severe landings are believed to occur on the flank of 
an advancmg wave, in the region of the steepest slope. 

2. Rotate the space coordinate system so that the z-axis 
is normal to the wave slope and compute an effective trim 
with respect to these coordinates. 

3. Compute the wave-partide velocity at the point of 
contact from reference 6, articles 229 and 251, or from ref- 
erence 20, subtract this velocity vectorially from the hull 
velocity, and compute an effective flight-path angle from 
the resultant velocity with respect to the new coordinates. 

4. Using thesff effective values of trim and initial flight- 
path angle, continue as in smooth-water cases outhnod in 
procedures 1, 2, and 3. 
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